Abstract⎯The macrostructure of nickel foam with porosity of 20, 30, 45, and 60 ppi is investigated by X-ray tomography at voltage U = 300 kV, current I = 300 mA, and exposure time t exp = 354 ms; the number of frames is 2500. It is established that the actual pore parameters deviate from theoretical ones. It is shown that, the higher porosity is, the more uniform pore size is. The X-ray tomography makes it possible to evaluate such characteristics as the wall thickness between the pores, which had not been taken into account previously. It is revealed that the size uniformity of the wall thickness lowers as the sample porosity increases. The results of the X-ray tomography make it possible to recommend it as the method for studying and monitoring foam materials, powders, and various sintered materials, and its data can be used to develop actual three-dimensional models.
INTRODUCTION
In the last decade, the demand for materials and wares fabricated by powder metallurgy and related technologies has risen increasingly. The most important stage in the production process of their fabrication is sintering, since the diffusion interaction between the particles proceeds during it and the contact zone between them is formed. However, until now, the description of processes occurring while sintering powder materials was based on theoretical models, since it seemed to be impossible to completely evaluate the parameters of the internal structure of the sintered material.
Most modern methods of investigation allow us to determine the actual characteristics of porosity, sizes of contact boundaries between the particles, and homogeneity of the chemical composition in several sections rather than in the entire bulk, and do not foresee investigations using nondestructive methods. X-ray tomography is the only method giving the opportunity to investigate the internal structure of the sintered sample and evaluate its structure completely with no mechanical effect on it. This method is widely used in powder metallurgy both by domestic and foreign researchers [1] [2] [3] [4] [5] [6] [7] [8] [9] . The extension of the field of application of this method to other types of materials formed based on the powders is a topical problem.
Foam materials, in particular, foamed metals, are an example of such materials. They are formed when copying the structure of a foamed polymer matrix via metallization from its surface and subsequent burning of the organic component. Metal particles can be deposited on a polymeric skeleton (metallization) by various methods, for example, by the slip process or electrolytically. Foamed metal possesses a porosity on the order of 75-95% [10] , and its density is lower by a factor of several times compared with cast metal. In its essence, foamed metal is simultaneously both a new type of construction and a new type of sintered material [12] .
The most important characteristics in studying the operational properties of foamed metal are porosity characteristics rather than the interaction parameters of the particles during sintering, since the former primarily affect its mechanical and physical characteristics.
Classical methods of analysis [13] allow us to establish only apparent material porosity, but the pore sizes themselves, the boundaries between the pores, and the size distribution cannot be evaluated with their help, while data on actual porosity parameters are necessary in order to determine the filtration ability of nickel foam and improve its production technology.
The goal of this study was to investigate the porosity parameters of foamed metals (using the example of nickel foam) in a three-dimensional space by X-ray tomography.
POROUS MATERIALS AND BIOMATERIALS

EXPERIMENTAL
The object of the investigation was nickel foam formed during the electrolytic metallization of a polymeric skeleton made of polyurethane foam and subsequent burning/sintering. The nickel-plated polymeric structures were thermochemically treated in two stages. The first stage was intended to remove the polymeric substrate and decarburize nickel with the formation of the Ni structure. It was performed in the oxidizing-reducing atmosphere at 900-1300°C for 3 s. At the second stage, the nickel structure was annealed in the reducing atmosphere at t = 800-1100°C for τ = 2.5 h.
In this study we investigated nickel-foam samples with porosity X = 20, 30, 45, and 60 ppi (X is the number of pores per linear inch) (Fig. 1 ). This material is used in a form of sheets having a constant thickness; therefore, when indicating porosity, the ratio of the number of pores to the linear quantity is used. Depending on the pore size (d), foam nickel can possess density in a range from 0.3 to 1.5 g/cm 3 . Table 1 shows the producer data on the properties of the samples under consideration.
The X-ray tomography method [14] that we used assumes the X-ray transmission of the sample while it is rotated around its axis. This process resulted in the accumulation of the package of hundreds of shaded images of various virtual sections of the material. The specialized software gives the opportunity to combine them into one three-dimensional model repeating the actual internal structure of the object under investigation. The image of each separate section is a shadowgraph in which various tints of gray characterize different density similarly to the classic film X-ray investigation.
In the scope of this investigation, X-ray tomography results were recorded using an industrial computer tomograph based on an XTH 405 LC fluoroscopic system (Nikon Technology, England). The layout illustrating the operational principle of this equipment is shown in Fig. 2 .
Images were fixed with the help of an ESRF Frelon CCD camera and fluorescent screen. A total of 2500 pictures were made for each sample; the exposure time of each picture is 354 ms. We used the following recording mode: voltage U = 300 kV and current I = 300 mA. The minimal size of the focus spot during recording with the help of this type of equipment was 30 μm, but the actual resolution was 17 μm due to the software correction and subsequent digital treatment.
RESULTS AND DISCUSSION
The true porosity of the nickel foam samples was established in the course of our X-ray tomography. To evaluate the reliability of our data, we also measured (Table 2 ) allows us to consider the X-ray tomography data reliable. When studying the size range of pores of the samples with X = 20 ppi (Fig. 3a) , we found that only 69.29% of the revealed pores correspond to the calculated size. The wall thickness between them has smaller size nonuniformity (Fig. 3b) . Figure 4 shows images of virtual sections of this sample.
When studying the size range of the sample with X = 30 ppi (Fig. 5a) , it is found that 75.31% of revealed pores enter the calculated range. The wall thickness has low dimensional nonuniformity similarly to the previous case (Fig. 5b) ; however, it is higher than for the sample with X = 20 ppi. Figure 6 shows its virtual sections.
Already 83.67% of pores correspond to the calculated range for the sample with X = 45 ppi (Fig. 7a) ; the spread of their sizes is considerably narrower, while the wall thickness has a larger size spread compared with two previous samples (Fig. 7b) and intrinsic pores. Figure 8 shows its virtual sections. Finally, 96.77% of revealed pores correspond to the calculated size for the sample with X = 60 ppi (Fig. 9a) ; almost no spread in size is observed, while the wall thickness, on the contrary, has high size nonuniformity (Fig. 9b) . Figure 10 shows images of this sample. Figure 11 shows three-dimensional images of pores in the samples with X = 20 and 60 ppi, which illustrate the difference in their structure. In the first case, each pore is a space confined by a certain number of walls; in the second case, the pores are shaped as spherical voids with a "channel" providing communication with each other [15] . range of pores and walls between them in the sample structure is determined. It is revealed that the more pores in the specified volume unit of nickel foam there are, the smaller their size range is and the larger the size range of the walls between them is. It is established that the pore structure in the samples with X = 20 and 30 ppi differs from the samples with X = 45 and 60 ppi. In the first case, the pores are formed due to the space confined by walls; in the second case, the pores are shaped like communicating spherical cavities. Our results allow us to recommend the X-ray tomography for studying the internal structure of the powder, foamed, and sintered materials.
